Thermal factor parameters (B values) have been compared from the refined crystal structures of the myohemerythrin from Themiste zostericola and of the octameric hemerythrin from Themiste dyscrita. These B values, which are directly related to atomic mobilities, are found to correlate rather closely with the solvent accessible areas within the respective crystals. Although protomeric units of the two molecules have exceptionally similar three-dimensional structures, there are marked differences between the patterns of relative atomic mobilities along the polypeptide chains. The differences correspond to lattice and oligomer contacts. An adjustment of the B values based on the fraction of accessible area occluded by contacts yields values that correlate well between the independent subunits and that should pertain more closely to those for the protomer free in solution.
That proteins are internally dynamic molecules is demonstrated by various spectroscopic experiments (1-3), by reaction kinetics (4, 5) , by theoretical simulations (6, 7) , and by crystal diffraction studies (8) (9) (10) (11) . This investigation of mobility in hemerythrins is based on standard crystallographic experiments. These provide a comprehensive, albeit averaged, picture as the diffraction data are sensitive to all of the individual atomic mobilities. Detailed refinements yield relatively accurate positional coordinates and a measure of the distribution of atomic displacements about each atomic centroid. In isotropic analyses this measure is the B value, or "thermal parameter," which is simply related by B = 8ir27 to the unidirectional mean-square displacement, 7, averaged over the measurement time and the entire lattice. These displacements reflect mobility due to harmonic thermal vibrations, dynamic disordering between discrete conformers, and static variations frozen into the crystal lattice.
We have analyzed the B values in our well-refined structures of myohemerythrin and an octameric hemerythrin and find strong correlations with solvent-accessible area (12) in the crystal. Even turns of a-helices are readily distinguished by variation in B values between internal and external surfaces. However, the patterns of relative mobilities along the polypeptide chains of these two similar molecules differ markedly. Differences arise especially at lattice and oligomer contacts. We have devised a procedure that relates hindrance of mobility to the occlusion of surface accessibility caused by intermolecular contacts. Thus, we "correct" B values to ones that might pertain to hemerythrin protomers free in solution.
Hemerythrins are a class of oxygen carriers found in four invertebrate phyla. These proteins bind oxygen and certain other anionic ligands at a dimeric iron center coordinated directly by functional side chains (13, 14) . Hemerythrins oc- residue number for myohemerythrin and hemerythrin subunit IA. Main-chain atoms include N, Ca, C, and 0. Optimal superposition of the molecules was obtained by using a program written by R. B. Honzatko (personal communication), which searches for matches after beginning with a small starting set. The transformation matrix in this program is calculated by the Kabsch (20) algorithm. This superposition shows that previous sequence alignments ( [21] [22] [23] that placed the deletion between residues 90 and 96 were misaligned by 1 residue. cur as monomers (myohemerythrin), dimers, trimers, tetramers, and octamers. The folding of the protein backbone has been determined for myohemerythrin (15) , a trimeric hemerythrin (16) , and two octameric hemerythrins (17, 18) and is a 4-a-helical bundle (19) with an NH2-terminal arm of nonrepetitive secondary structure ( Fig. 1 a and b) . The sequences of Themiste zostericola myohemerythrin (21) Both proteins were refined by stereochemically restrained least-squares methods (25) . The initial myohemerythrin model was derived from an interpretation of a 5.5-A resolution electron-density map (22) . Productive refinement followed use of model-resolved anomalous phasing (26) Surface Accessibility Calculations Surface accessibility was calculated with program MS from Connolly (30) . In order to obtain the surface area as it occurs in the crystal or octamer we included those atoms from neighboring molecules or subunits that were within 8 A of the molecular unit for which the surface was being determined. Lattice-or oligomer-occluded surface areas were obtained from differences between the accessible areas for an isolated molecule or protomer and that for the same structure in the presence of its neighbors. The exposed fraction of the total surface area was determined for each residue. This fractional accessible surface area was evaluated by normalizing the accessible area for a residue in a particular environmental context by the area of that residue, X, as found in a Gly-X-Gly tripeptide in the native conformation (31) . Under the conditions employed (probe sphere of radius 1.7 A and standard van der Waals radii) there is a small cavity in the hemerythrin protomer. We ignore this internal surface here.
Correlation of B Value and Surface Accessibility Plots of average B and fractional surface accessibility are shown in Fig. 2 for myohemerythrin ( Fig. 2 a and b) the average (Fig. 2 c and d) (Fig. 2d) 
Adjustment of B Values
At first sight the dissimilarity in atomic mobility patterns for myohemerythrin and hemerythrin ( Fig. 2 b and d) is somewhat surprising since the three-dimensional structures are so similar (Fig. 1) . The Parameters s, n, s', and n' for Eqs. 1 and 2 were chosen to optimize the similarity of main-chain B-value distributions in the five different molecular units. This was accomplished through a least-squares minimization of the function
over all N residues with allowance for up to three pairs of s and n parameters. These are, respectively, for adjustments from myohemerythrin lattice contacts to produce B' YO, from T. dyscrita hemerythrin lattice contacts to produce Bdysk and from hemerythrin octamer contacts to produce B'dys averaged over the four crystallographically independent T. dyscrita subunits. In addition, Bi was modified by a fixed incre- C1 is the average of the correlation coefficients for the six pairwise comparisons of B values in the four hemerythrin subunits; C2 is the correlation coefficient of the average hemerythrin subunit with myohemerythrin; s, n, s', and n' are defined in Eqs. 1 sly, = 6.8; bmyo = 11.6; ndyS = 7.00; n'ys = 8.8. Main-chain atoms are defined in the legend for Fig. 1 .
DISCUSSION
The values taken by parameters of this model should be related to physical properties of the crystalline proteins such as local flexibility and concerted deformability. Thus, for example, the strength (s, s') and interaction (n, n') parameters may be lower for dys than myo because the strong and pervasive octamer contacts dampen the repercussions of individual lattice and octamer contacts. However, it should be kept in mind that the procedure described here is based on statistical correlations rather than fundamental theory. Accordingly, some adjustments in atomic mobilities could be misleading. For example, a region of intrinsically low mobility might wrongly be enhanced if involved in intermolecular contacts. Moreover, the influence of contacts is less clear from other work: (i) the correlation coefficient between main-chain atomic displacements in two lysozyme species is 0.61 (8) This analysis of diffraction data from hemerythrins points to a clear correlation between solvent accessibility and atomic mobility. Others also find such correlations by crystallography (34) or by molecular dynamics simulation (35) . This suggests generality and gives us added confidence in the validity and utility of methods proposed here to extrapolate from atomic mobilities found in a crystalline macromolecule to those expected for a protomer free in solution. This is important for the interpretation of solution experiments such as those in recent antigenicity studies (36) .
